To identify functional differences among non-allelic variants of the mammalian H1 linker histones a system for the overexpression of individual H1 variants in vivo was developed. Mouse 3T3 cells were transformed with an expression vector containing the coding regions for the H1c or H1 0 variant under the control of an inducible promoter. Stable, single colony transformants, in which the normal stoichiometry of H1 variants was perturbed, displayed normal viability, unaltered morphology and no long-term growth arrest. However, upon release from synchronization at different points in the cell cycle transformants significantly overproducing H1 0 exhibited transient inhibition of both G 1 and S phase progression. Overexpression of H1c to comparable levels had no effect on cell cycle progression. Analysis of transcript levels for several cell cycle-regulated and housekeeping genes indicated that overexpression of H1 0 resulted in significantly reduced expression of all genes tested. Surprisingly, overexpression of H1c to comparable levels resulted in either a negligible effect or, in some cases, a dramatic increase in transcript levels. These results support the suggestion that functional differences exist among H1 variants.
INTRODUCTION
The H1 class of linker histones is a family of lysine-rich chromosomal proteins, each consisting of a short basic N-terminal tail, a central globular domain and a long highly charged C-terminal tail (1) . These proteins play a number of critical roles in the packaging of eukaryotic DNA into chromatin (2,3). H1 is believed to bind to DNA near the entry and exit point of the nucleosome to stabilize two full turns of DNA (4) (5) (6) . H1 also facilitates the folding and stabilization of the 30 nM chromatin fiber (7) .
There is considerable evidence that H1 also functions as a non-specific repressor of transcription (8, 9) . Actively transcribed genes may be deficient in H1 or the manner in which H1 binds to these regions of chromatin may be altered (for a review see 10) . The involvement of H1 in transcriptional repression has been clearly demonstrated in studies on the expression of RNA polymerase III genes in Xenopus (11) (12) (13) (14) . In vitro studies involving H1-DNA complexes (15) and reconstituted chromatin (16, 17) identified H1 as a transcriptional repressor of RNA polymerase II transcription as well.
In higher eukaryotes multiple primary amino acid variants of histone H1 have been detected (18) (19) (20) (21) . Several lines of evidence suggest that a functional significance underlies this heterogeneity. During embryogenesis of sea urchin (22) and Xenopus (23) and during spermatogenesis in several species (24, 25) specific variants with distinct structural features are synthesized at precise times that correlate with major changes in chromatin organization and gene expression (26) . During maturation of avian erythrocytes the accumulation of the tissue-specific linker histone H5 is associated with the development of compact chromatin and the establishment of a stable inert state (27) .
In mouse there are at least seven different H1 variants, which display distinct patterns of expression during development and differentiation (19, 28, 29) . In vitro studies indicate that these variants may differ in the ability to condense chromatin (see 20 for a review). Whereas there are compelling arguments that these are functionally distinct classes of H1 variants, these arguments are based on in vitro differences in behavior, which may be prone to artifact, or on correlative observations of the presence or absence of different H1 variants in different cells in different growth states. A reasonable approach to test functional differences between variants is to alter H1 stoichiometry in vivo. To date there have only been a few attempts at doing this (30) (31) (32) (33) (34) . Overexpression of avian H5 in rat sarcoma cells resulted in a selective transcriptional repression, a transient inhibition of cell proliferation and an accumulation of a high ratio of linker to core histones (31, 32) . While these results are consistent with what one might predict of H5, it was not known whether these effects were the result of the specific properties of the heterologous H5 variant or would be produced by overproduction of any of the major somatic variants.
We have developed a system to investigate the functional differences in mammalian H1 variants by transformation and overexpression of individual H1 genes in homologous 3T3 fibroblasts (35) . We used this system to identify the variant type of two cloned H1 genes, H1c and H1e. Fairly high levels of these variants accumulated in the chromatin of overexpressing transformants, but we observed little effect on the growth properties of these cells. In this study we have developed improved expression vectors and induction protocols to achieve much higher levels of overexpression. We also extended the analysis to include H1 0 , the most divergent of the somatic H1 variants (29, 36) . H1 0 has more sequence identity to avian H5 than to the other somatic mouse variants, accumulates in quiescent or terminally differentiated cells (18, 19, (37) (38) (39) (40) (41) and, like H5, may be involved in developmentally regulated repression of gene expression (42) . We demonstrate in vivo differences between two H1 variants: overproduction of the H1 0 variant results in a transient delay in cell cycle progression and a significant inhibition of the expression of a number of genes; in contrast, overproduction of H1c to comparable levels has no apparent effect on cell cycle progression and actually leads to significantly increased expression of some genes.
MATERIALS AND METHODS

Expression vectors
cDNAs encoding H1 0 were obtained by reverse transcription and PCR amplification of total RNA from BALB/c 3T3 cells. The coding regions of four independent isolates were sequenced with a Sequenase kit (USB) and found to be identical to one another but different from the published mouse H1 0 sequence by a single A→G transition in the first position of codon 64. This results in the incorporation of Asp rather than Asn at position 64. As most mammalian H1 0 proteins have Asp at this position (21) this probably represents a functionally insignificant allelic difference. Plasmid MTH1 0 Aneo was constructed in a series of steps using standard subcloning methodology (43) . It consists of the following: a 1.8 kb EcoRI-BglII fragment from pdBPVMMTneo (44) , containing the mouse metallothionein (MT) I promoter (45); 44 bp of 5′ leader sequence, the entire coding region and 10 bp of 3′ flanking sequence from the H1 0 cDNA; a 563 bp fragment (nt 1141-1703 relative to the transcriptional start site), including a cleavage/polyadenylation site, from the 3′ flanking region of the mouse MH143 H1c gene (46, 47) ; the large EcoRI-BamHI fragment of pSV2neo (48) . Plasmid MTH1cAneo containing the mouse H1c coding region was derived from plasmid MT43MslA-neo (35) by removal of the sequences from 23 to 1041 bp 3′ of the termination codon.
Cell culture
Mouse BALB/c 3T3 cells (clone A31 from the American Type Culture Collection) were grown in Dulbecco's modified Eagle's medium supplemented with 10% calf serum (Gibco BRL) at 37_C under 5% CO 2 . 3T3 cells were transfected by the Ca 2 PO 4 co-precipitation method (49) . Stable transformants were isolated as single colonies resistant to 400 µg/ml (active concentration) G418 (Gibco BRL). In all experiments viability of cells was monitored by their ability to exclude trypan blue. For determination of DNA synthesis rates (50) cells were grown in 24-well microtiter dishes and pulsed for 1 h with 1.0 µCi/ml [ 3 H]thymidine (86 Ci/mmol; DuPont NEN) and 0.2 µg/ml unlabeled thymidine (Sigma). All time points were in duplicate or quadruplicate and normalized to the number of cells per well. Fixed cells were stained with ethidium bromide or Hoechst 33258 and counted using an Olympus IMT-2 inverted microscope (Olympus Corporation) and a Image-1/AT image processing system (Universal Imaging Corporation). Because of the unstable nature of cells in culture all experiments were initiated from primary stocks of selected transformants.
Isolation of total histone proteins
All procedures were at 4_C. Cells were washed twice with an excess of cell wash buffer (10 mM Tris, pH 7.2, 0.14 M KCl) and harvested by scraping with a rubber policeman directly in homogenization buffer (0.32 M sucrose, 0.1% Triton X-100, 5 mM MgCl 2 , 10 mM Tris, pH 7.2, 1% thiodiglycol, 0.5 mM phenylmethylsulfonyl fluoride). Cells were homogenized by 15 strokes with an 'A' pestle in a Wheaton glass homogenizer. Crude nuclei were collected by centrifugation for 1 min at 13 000 g in a microcentrifuge. The pellet was resuspended with a microcentrifuge tube pestle in high salt buffer (0.25 M KCl, 10 mM Tris, pH 7.2, 5 mM MgCl 2 , 0.5 mM phenylmethylsulfonyl fluoride) and incubated on ice for 20 min. Crude chromatin was pelleted by centrifugation for 10 min in the microcentrifuge. The crude chromatin pellet was resuspended in 400 µl cold 0.2 M H 2 SO 4 and incubated on ice for 20 min. Insoluble material was pelleted by centrifugation for 10 min in the microcentrifuge. An aliquot of 350 µl supernatant was mixed with 17.5 µl NH 4 OH and precipitated with 1.2 ml ethanol on ice for at least 1 h. Crude histones were collected by centrifugation, washed three times with 50% ethanol and dried by vacuum centrifugation.
Reverse phase high performance liquid chromatography (HPLC) separation of H1 variants and total histones
Dried samples were dissolved in buffer B (0.1% trifluoroacetic acid) and injected onto a 0.46 × 25 cm, 300 Å, 5 µΜ C-18 reverse phase column (catalog no. 218BTP54, Vydac) previously equilibrated with buffer B. The flow rate for sample loading and elution was 0.7 ml/min and the temperature was 28_C. Sulfuric acid-solubilized total histones were separated with a multistep linear gradient of increasing buffer A (0.1% trifluoroacetic acid in 95% acetonitrile). The steps were: 0.1-25% over 10 min, 25-30% over 15 min, 30-55% over 100 min and 55-90% over 5 min. For early experiments ( Fig. 1 and Table 1 ) protein elution was detected at 220 nm and plotted. The area under peaks was determined using the SigmaScan programs (Jandel Scientific) and a digitizing tablet. For later experiments protein elution was detected with a BioRad Bio-Dimension detector at 210 nm. Peaks were quantitated using the BioRad HPLC Gradient software. The H1/core values presented are an estimate of the number of H1 proteins per nucleosome. This is because we do not have extinction coefficients at 210 or 220 nM, the wavelengths used in the HPLC analyses, for all of the histones. As these wavelengths are reflective of the number of peptide bonds a correction was made for the known size of each H1 variant and the H2b dimer. For all H1 overproducing cells the H1/core value obtained should be compared with that of 3T3 cells that were treated under the same experimental conditions. Under most of the conditions used in these studies the values obtained with 3T3 cells were 0.8-0.9. This probably reflects a reasonable estimate of the ratio of H1 proteins per cell, as this value is near that reported for several mammalian cell types (2,51).
Fluorescence-activated cell sorting (FACS) analysis
Cells were suspended by treatment with an excess of Cell Dissociation Solution (Sigma) at 37_C for 30 min and pelleted by gentle centrifugation. Pelleted cells were resuspended in 0.5 ml phosphate-buffered saline (PBS) and 4.5 ml cold methanol was Figure 1 . Overexpression of individual H1 variants in single colony transformants. Individual cultures at 70% confluence were treated for 48 h with 100 µM ZnCl 2 prior to isolation of total histones and their separation by HPLC, as described in Materials and Methods. The absorbance profiles are presented as absorbance units (220 nm) full scale (AUFS), aligned to a common x axis (elution time in min). Identity of the indicated peaks was determined by SDS and acid gel electrophoresis (35; data not shown). Following elution of the H1 variants detector sensitivity was reduced by 50% and the baseline was re-adjusted. The traces displayed were normalized to a constant area under the H2b peak.
added dropwise with continuous gentle mixing. The cells were then stored at -20_C until further preparation for analysis by FACS. Methanol-fixed cells were pelleted and washed with 5 ml PBS. Washed cells were then resuspended in 0.5 ml PBS containing 50 µg/ml RNase A (Sigma) and stained with 0.1% propidium iodide. Cells were analyzed by the Multiuser Flow Cytometry Facility in the Department of Microbiology using a Becton Dickinson FACScan and the CellFIT software and RFIT (rectangular fit) model, for doublet discrimination and cell cycle staging respectively.
RNase protection assays
Total cytoplasmic RNA was isolated as described (52) and each preparation was resuspended in the appropriate amount of TE buffer (10 mM Tris, pH 7.8, 1 mM EDTA) to yield equal aliquots of RNA on a per cell basis. Cell counts were determined as previously described or by photographing multiple independent fields. DNA probes for c-myc (53), c-fos (54), β-actin (55), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (56), cyclophilin (57), cyclin D2 (58) and cdc2 (59) were obtained from Ambion Inc. Probe RNA was synthesized and labeled with [α-32 P]UTP using a MAXI-Script kit (Ambion) according to the manufacturer's instructions. Full-length probes were purified and eluted from denaturing 5% acrylamide gels. RNase protection assays were carried out with an Ambion RPA-II kit as described by the manufacturer. Protected fragments were separated on denaturing 5% acrylamide gels, which were dried and exposed to X-ray film. Quantitation was with a phosphorimager system (Molecular Dynamics). Control experiments in which the amount of added RNA was varied confirmed that the probe was in excess and that the response was linear over the range tested.
RESULTS
Isolation of H1 0 and H1c overexpressing transformants
Our approach to identifying functional differences among H1 variants was to perturb the normal H1 stoichiometry by overexpressing individual variants in stably transformed cell lines. The coding regions of two different variants, H1 0 and H1c, were individually subcloned into an expression vector such that their transcription is under the control of the heavy metal-inducible mouse MT I promoter (45) . Importantly, the sequences at the 3′-end of the H1c gene, which dictate production of non-polyadenylated message and confer cell cycle regulation (60) , have been removed. The H1 0 gene is replication independent and does not contain these sequences (41) . In our expression constructs 3′-end formation is determined by a cleavage/polyadenylation signal derived from a distal 3′-flanking region of the mouse H1c gene (46, 47) and results in production of a message that is stable in both the presence and absence of DNA synthesis (35, 47) . Each of these constructs was introduced into 3T3 cells and stable single colony transformants were isolated, designated MTH1 0 and MTH1c. Cultures of each of the transformants and control 3T3 cells were grown to ∼70% confluence and then treated with inducer for 48 h. Total histones were then extracted from crude chromatin preparations and separated by HPLC (Fig. 1 ). This approach allowed us to determine the amount of each variant relative both to the other variants and to core histones. Table 1 shows the quantitation of individual variants based on the area under each peak. It is clear from these data that the normal H1 variant ratio can be significantly perturbed and that levels of the minor H1 variants, H1 0 and H1c, can be raised to at least 70% of the total H1 level. In addition, accumulation of the exogenous gene products on chromatin is only partially compensated for by the loss of the other H1 variants, such that the total amount of H1 relative to core histones increases upon overproduction of H1 0 or H1c. The high level of overproduction of individual variants, achieved by prolonged induction of cultures as they approach confluence, probably reflects the ability of the exogenous metal-inducible H1 genes to be expressed in the absence of DNA synthesis, a time when their endogenous replication-dependent counterparts are repressed (46, 61) . At the end of the induction period the cells were confluent and non-dividing, although as judged by trypan blue exclusion >95% of the cells were viable and no evidence of altered morphology was observed. 
H1 overexpression delays cell cycle progression
To determine potential effects of H1 overproduction on cell cycle progression cultures treated as described above were suspended, diluted 15-fold and replated in fresh medium containing inducer. Entry into S phase was monitored by periodically pulse-labeling aliquots with bromodeoxyuridine (BrdU) (Fig. 2) . We consistently observed that overproduction of H1 0 resulted in a transient delay in the subsequent entry into S phase following dilution. In contrast, overexpression of H1c to comparable amounts had no effect on S phase entry. We also investigated the effects of H1 overproduction upon re-entry into the cell cycle following synchronization by serum starvation. Figure 3 shows that overproduction of H1 0 results in a similar delay in cell cycle progression when cells are released from a serum starved (G 0 ) state. The differential effects of H1 variant overexpression on cell cycle progression are not due to clonal variation. We have analyzed numerous independent single colony isolates of each construct and consistently observe the same results. In the absence of inducer only minor changes in the stoichiometry of H1 variants were observed and all transformants exhibited cell cycle progression similar to that of control 3T3 cells. These experiments show that overproduction of H1 0 , unlike that of H1c, causes a transient slowing of cell cycle progression upon release from a non-growth state. They do not address the time during the cell cycle or the level at which this effect is mediated. We used flow cytometry analysis to monitor traversal through the phases of the cell cycle more precisely. Figure 4 shows the results of FACS analysis of 3T3 and MTH1 0 cells at timed intervals after release from serum starvation. These plots of the number of cells in the S or G 2 /M phases of the cell cycle reveal that cells overproducing H1 0 exhibit a delayed entry into S phase as compared with control 3T3 cells. However, the H1 0 overproducing cells that have entered S phase traversed it at the same rate as 3T3 cells and, accordingly, entered G 2 /M phase at the same rate and time after entry of S phase as was seen with 3T3 cells. This Figure 3 . Resumption of DNA synthesis in cells induced to overproduce H1 variants after release from G 0 synchronization by serum starvation. Individual cultures were synchronized by incubation for 4 days, with daily changes, in medium containing 0.5% calf serum. The cultures were then released from serum starvation and induced with fresh medium containing 10% calf serum and 100 µM ZnCl 2 . Prior to and at 3 h intervals following release DNA synthesis rates were determined by measuring the incorporation of [ 3 H]thymidine during a 1 h pulse as described in Materials and Methods. The mean of duplicate determinations is plotted. Figure 4 . FACS analysis of 3T3 and H1 0 overproducing cells after release from G 0 synchronization by serum starvation. Individual cultures of control 3T3 cells and MTH1 0 transformants were synchronized by incubation for 4 days, with daily changes, in medium containing 0.5% calf serum. The cultures were then released by the addition of fresh medium containing 10% calf serum and 100 µM ZnCl 2 . Prior to and at 3 h intervals, starting at 12 h after release, cells were processed for FACS analysis as described in Materials and Methods.
implies that the delay in onset of replication results either from a delay in G 0 /G 1 progression or in the rate of initiation of S phase, or both.
Inhibition of progression through S phase by overexpression of H1 0
The experiments described above suggested that cells overexpressing H1 0 display a transient delay in the transition from G 1 to S phase upon release from G 0 or G 1 arrest. Because this effect was transient, it was not clear whether H1 0 overexpression could also directly effect S phase events were cells released from a point of synchrony closer to S phase. To investigate further we synchronized cells at the G 1 /S border and monitored progression through S phase by FACS analysis. Cultures were density-arrested in the presence of inducer, then diluted into fresh medium containing inducer as well as the DNA synthesis inhibitor Cultures were then resuspended, aliquoted at a 15-fold dilution in fresh medium containing 10% calf serum and allowed to re-attach for 3 h. After re-attachment ZnCl 2 was added to 90 µM and hydroxyurea was added to 2.5 mM. After 24 h the medium was replaced with fresh medium containing 0.1 µM colcemid. At hourly intervals after removal of the hydroxyurea cells were processed for FACS analysis as described in Materials and Methods.
hydroxyurea. After 24 h hydroxyurea was washed out and the cells were incubated in fresh medium containing inducer and colcemid to block cells at metaphase. At hourly intervals following release, aliquots of cells were processed for FACS analysis. With this treatment MTH1 0 cells displayed a marked slowing of cell cycle progression relative to control cells, as indicated by the delay in the appearance of cells with a G 2 /M DNA content (Fig. 5) . These plots of the number of cells in the S or G 2 /M phases of the cell cycle indicate that this effect is primarily due to a reduced rate of progression through S phase and not due to a difference in their rate of entry into S phase. In this protocol only ∼40% of both 3T3 and the H1 0 overproducing cells entered S phase synchronously. The continued slow entry of cells into S phase that both cell lines exhibit after release may be due to the reversion of some of the cells to a point in G 1 prior to the restriction point (62) . Nevertheless, the degree of synchronization was sufficient to reveal the delayed progression of H1 0 overexpressing cells through S phase.
Effect of H1 variant overexpression on gene expression
In the light of the evidence suggesting that H1 acts as a general repressor of transcription (8) (9) (10) (11) 13, 17) we measured the transcript levels for several selected genes. For these experiments cultures were arrested in G 0 by serum starvation in the presence of the inducer ZnCl 2 . This protocol results in similar high levels of expression of H1 0 and H1c in the appropriate transformant (Table 2) . Total cytoplasmic RNA was isolated from cultures at the end of the synchronization period and at 2-4 h intervals following release in the presence of the protein synthesis inhibitor cycloheximide. This procedure results in 'superinduction' of immediate early serum response genes (63, 64) . We used RNase protection assays to measure transcript levels from two of these genes, c-myc and c-fos, as well as for several 'housekeeping' genes ( Fig. 6A-D) . These assays were on a per cell basis: cell counts were carefully determined and RNA was isolated from equivalent numbers of cells from each culture. We observed that, relative to control cells, the H1 0 overexpressing transformant consistently displayed significantly reduced levels of transcripts from all genes tested. This result is consistent with the suggested role of H1 as a general repressor of transcription and the results reported in other systems (30, 31) . The results with the H1c overexpressing transformant were surprising. For two genes, c-fos and β-actin, transcript levels were very similar to those observed in control cells. However, for three genes, GAPDH, c-myc and cyclophilin, transcript levels were significantly and reproducibly higher than those of control cells. a Cultures were serum starved in the presence of 50 µM ZnCl 2 as described in the text. Data were derived from HPLC profiles and are presented as the percentage of the total area under all H1 peaks, corrected for their size, as described in Materials and Methods. b Determined as the ratio of twice the area of all the H1s to the total area, corrected for the size of H2b, under the H2b peak.
We also measured the levels of selected transcripts in cultures released from serum starvation in the absence of cycloheximide (Fig. 6E-G) . Again we observed that H1 0 overexpressing cultures displayed a significant reduction in transcript levels relative to control cells. The H1c overexpressing transformant displayed levels of cdc2 and cyclin D2 mRNAs indistinguishable from those of control cells and a significantly increased level of GAPDH mRNA. The results from several independent experiments are summarized in Figure 6H .
DISCUSSION
The expression of histone H1 variants in vivo is a highly regulated process (18) (19) (20) (26) (27) (28) (29) (38) (39) (40) (41) . H1 is an important participant in the repression of gene expression (reviewed in 10). A function of evolutionarily conserved histone H1 heterogeneity may lie in the interaction of individual variants with chromatin to repress various chromatin activities, such as transcription or replication. As a first step towards elucidating such differences we sought to determine the effect on cell cycle progression of perturbation of the normal in vivo stoichiometry of H1 variants. There have been relatively few attempts to identify functional differences among H1 variants in vivo (30) (31) (32) (33) (34) . The overexpression of H5 in rat sarcoma cells was shown to result in transient inhibition of cell proliferation (31, 32) . However, in those studies it was not clear whether the effects were unique to the H5 variant or were due to a more general inhibition of transcription or replication that might occur upon overproduction of any stable chromatin-associated basic protein such as H1.
We isolated stable cell lines which could accumulate H1 0 or H1c to >70% each of the total chromatin-bound H1 ( Fig. 1 and Table 1 ). We observed no morphological changes in the cell or nucleus nor loss of viability and each of the transformants was Medium was changed after the second and third day. Total cytoplasmic RNA was isolated from one flask at the end of the synchronization period. The remaining flasks were pretreated for 30 min with 0.1 mM cycloheximide prior to release by addition of fresh medium containing 10% serum and 0.1 mM cycloheximide. RNA was isolated at the indicated times following release and transcript levels determined as described in Materials and Methods. Autoradiographs of the protected RNAs after separation on 5% acrylamide-urea gels are shown. The lanes labeled P contain a diluted aliquot of labeled RNA probe alone. The lanes labeled C contain controls of labeled RNA probe, without addition of cellular RNA, treated with RNase. The autoradiogram in (D) is a determination of c-myc mRNA levels in an independent experiment. (E-G) Cultures were synchronized as described above. RNA was isolated at the end of the synchronization period and at 9 h after release into fresh medium containing 10% serum, 90 µM ZnCl 2 but no cycloheximide. (H) Quantitation of transcript levels relative to those of control 3T3 cells. Bars labeled (+CH) represent results from (A-D) and additional experiments at 2-4 h after release in the presence of cycloheximide. Where indicated the error bars represent the standard deviation from at least three determinations from at least two independent experiments. Bars labeled (-CH) represent the results from (E-G) and additional experiments at 9 h after release in the absence of cycloheximide.
capable of re-entering the cell cycle upon release from several different synchronization protocols. However, the rate of re-entry was transiently delayed in H1 0 overexpressing transformants. Importantly, we showed that overproduction of H1c to comparable relative levels as H1 0 led to no inhibition of subsequent cell cycle progression. The differential effect of overproduction of particular H1 variants on cell cycle progression is indicative of an inherent difference between these variants.
Using different synchronization protocols that resulted in either a G 0 /G 1 or a G 1 /S phase arrest we demonstrated that overexpres-sion of H1 0 results respectively in either a delay in the transition into S phase or in progression through S phase. These experiments indicate that H1 0 can exert its effects on multiple chromatin activities that are needed at different times in order for the cell to progress through the cell cycle. Chromatin activities needed to enter S phase are inhibited by overproduction of H1 0 in the serum starvation protocol. During the time after release that the cells must overcome inhibition of expression of the early events needed to enter S phase cells are also overcoming inhibition of events that allow them to progress through S phase and enter G 2 /M. Release from serum starvation therefore reveals the time it takes to overcome the inhibition of early events as delayed entry into S phase. During the establishment of G 1 /S synchronization the cells must overcome inhibition by H1 0 of the early events needed to enter S phase. The cells therefore exhibited rapid entry into S phase upon release from the G 1 /S block. However, cells synchronized at the G 1 /S border by this protocol are probably not immediately able to overcome inhibition of the late events needed for continued S phase progression and entry into G 2 /M. Subsequently delayed progression through S phase and entry into G 2 /M was seen as the cells slowly overcome inhibition of these late events by H1 0 .
The appearance of H1 0 in chromatin is generally correlated with quiescent or terminally differentiated cells (36) (37) (38) 40, 41) and it has been suggested that H1 0 plays a role analogous to that proposed for the H5 variant in avian erythrocytes (19, 42, (65) (66) (67) , i.e. stabilization of compact chromatin. The transient nature of the inhibition of cell cycle progression implies that if the in vivo functional significance of H1 0 is to facilitate formation of higher order chromatin structure and maintenance of the terminally differentiated state, then it may do so in conjunction with other factors.
We noted that overproduction of H1 0 or H1c was only partially compensated for by loss of the other H1 variants, such that the total amount of linker histone relative to core histones increased. This suggests that if dosage compensation is occurring, it is only partial in nature and that each of these variants is capable of binding to secondary sites within chromatin (32, 68) or of displacing other variants into secondary sites. We do not wish to overemphasize this point since, as described in Materials and Methods, these values are at best estimates. However, despite this caveat we observed that overproduction of H1 0 consistently resulted in higher ratios of total H1 per nucleosome, which suggests that the H1 0 variant may differ from H1c in its ability to be incorporated into chromatin, particularly in the absence of DNA synthesis.
We considered the possibility that overproduction of individual H1 variants could lead to unusual nucleosomal structures. Analysis of micrococcal nuclease-solubilized DNA from chromatin of MTH1 0 and MTH1c showed no evidence of alternative chromatin structures or of a change in nucleosomal spacing relative to that of control cells (data not shown). This does not rule out the possibility of subtle, yet functionally significant, differences that cannot be detected by these assays.
We have demonstrated that overexpression of H1 0 results in significantly reduced expression of a number of genes, including c-fos, c-myc, cyclin D2 and cdc2. Reduced expression of these genes may partially account for the delay in cell cycle progression observed in this tranformant. The observation that overproduction of H1 0 affects expression of c-fos and c-myc strongly implies that these effects are manifested at the level of chromatin structure, as these are immediate early serum response genes and it has been demonstrated that transitions in chromatin structure are associated with expression of these genes (69, 70) . It may be significant that overexpression of H1 0 in this protocol also resulted in high levels of total H1 per nucleosome. Kamakaka and Thomas (71) suggested that H5 was necessary, but not sufficient, for gene repression in the erythrocyte nucleus and that a H1:nucleosome ratio in excess of 1 may be critical. Laybourn and Kadanoga (16) found that increasing the H1 per nucleosome ratio from 1.0 to 1.5 in reconstituted chromatin resulted in a sharp decrease in GAL4-VP16-mediated antirepression.
Perhaps the most surprising result of this study is that overproduction of H1c had little effect on the expression of some genes and actually resulted in significantly increased expression from others. One possible interpretation is that the presence of H1c in chromatin promotes a more open conformation, allowing greater access to transcription factors. There is considerable evidence that changes in linker histone type contribute to alterations in chromatin structure and gene expression (22) (23) (24) (25) (26) (27) (28) . Lennox and Cohen (19, 28, 66) suggested that H1c is associated with a more open chromatin conformation, based in part on the observation of high levels of this variant in prepachytene spermatocytes, as well as the results of in vitro studies. It is possible that H1c is enriched at specific chromosomal locations and contributes to the formation of active chromatin in somatic cells. Interestingly, among the characterized mouse H1 genes H1c appears to be unique in the ability to undergo both replication-dependent and replication-independent expression (47) .
It is interesting to consider our results in the light of the recent demonstration that mice with disrupted H1 0 genes develop normally (72) . In both experiments either knocking out H1 0 or overproducing it resulted in compensation by other H1 variants. The fact that neither of these approaches identified an obvious function of H1 0 does not mean it is functionless. For instance, it is a very real possibility that H1 0 functions as a replacement variant (73) . Its non-cell cycle-regulated synthesis, smaller size and possible tighter binding to chromatin may make H1 0 more adept at replacing other H1 variants during normal turnover in the absence of DNA synthesis. The features that make it a good replacement variant may elicit the behavior that we detect upon overproduction. Overexpression does not identify variant function so much as it identifies behaviors of variants that are potentially functionally significant. Coupled with in vitro mutagenesis, the ability to distinguish differences among H1 variants will be useful in the identification of sequence-dependent structural features, which may eventually allow identification of the function of H1 variants.
